Clinical studies have reported hydrogen-rich water (HRW) to have therapeutic and ergogenic effects. The aim of this study was to determine the effect of acute supplementation with HRW on exercise performance as measured by VO2, respiratory exchange ratio (RER), heart rate (HR), and respiratory rate (RR).
INTRODUCTION
Ergogenic supplements are popular among athletes who are hoping to enhance athletic performance, reduce fatigue, improve recovery, and prevent exercise-induced harm from reactive oxygen/nitrogen species (ROS/RNS) and excessive inflammation [1, 2] . Antioxidants and anti-inflammatories are often consumed by athletes to prevent the harmful effects of ROS/RNS, and inflammation; however, many of the benefits of exercise may be mediated by the exercise-induced production of ROS and inflammation [3] . Some studies have demonstrated that supplementation with conventional antioxidants results in deleterious effects that can negate the benefits of exercise training (e.g., mitochondrial biogenesis) [4] . A likely explanation could be that exogenous antioxidants are not effective at maintaining redox homeostasis, but may instead exacerbate redox dysregulation [5] .
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Hydrogen gas (H2), which can easily permeate biomembranes and subcellular compartments [6] , may have ergogenic properties due to its anti-inflammatory and anti-oxidant-like effects [7] . Although H2 has antioxidant-like effects and is considered a reducing agent in organic chemistry, it is too stable to react with important signaling oxidants (e.g.,
• , H2O2) [6, 8] . This mitigates the risk of hampering exercise training benefits. Hydrogen appears to act via hormesis in which it activates the Nrf2 pathway and subsequent induction of phase 2 antioxidant enzymes [9] . Additionally, H2 modulates signal transduction, protein phosphorylation cascades, and gene expression. These influences can favorably modulate inflammatory pathways (NFAT, NF-κB, TLRs) [10] [11] [12] , increase PGC-1α (marker of mitochondrial biogenesis) [13, 14] , maintain mitochondrial membrane potential and ATP production [14, 15] , increase resilience to stress [16] , and influence other signaling molecules (e.g., Nrf2, Nox1,STAT3, etc.) [11] .
Results from clinical studies suggest inhalation of hydrogen gas or ingestion of hydrogen-rich water (HRW) may benefit individuals who have experienced or are experiencing cerebral infarction [17] , post-cardiac arrest syndrome [18] , rheumatoid arthritis [19] , mild cognitive impairments [20] , Parkinson s disease [21] , metabolic syndrome [22, 23] , mitochondrial myopathies [24] and other diseases previously reviewed [7] . The effect of HRW on measurements of exercise performance, recovery, and tolerance to submaximal and maximal exercise in healthy and diseased populations is less well documented. However, these studies suggest that HRW may prevent early fatigue and reduce lactate levels [25, 26] , improve range of motion and recovery from soft tissue injury [27] , attenuate delayed onset muscle soreness from eccentric exercise [28] , prevent exercise-induced decline in antioxidant enzymes [28] , and improve the ability to maintain peak power output during repetitive sprints [29] . Most of these athletic studies examined the effect of chronic supplementation (H2 administration for over 24 hours). Therefore, the purpose this double-blind repeated measures study was to investigate the effects of acute hydrogen supplementation, compared to placebo, on indices of submaximal and maximal aerobic exercise performance as measured by VO2, respiratory exchange ratio (RER), heart rate (HR), and respiratory rate (RR) in a young, non-diseased population.
MATERIALS AND METHODS
Participants
Twenty healthy subjects between the ages of 18-45 years which reacts with water to produce H2 gas and magnesium hydroxide according to the reaction: Mg + 2H2O → H2 (g) + Mg(OH)2. The tablets also contain organic acids (i.e. malic acid and tartaric acid), which neutralize the magnesium hydroxide and catalyze the reaction rate. We determined the dose of molecular hydrogen administered by dissolving a tablet in a 500-mL beaker and immediately testing the hydrogen gas concentration with H2Blue (H2Sciences Inc. Las
Vegas, NV) The concentration was determined to be supersaturated at ≈5 mM (10 mg/L), but would quickly decrease to its standard saturation of 0.8 mM (1.6 mg/L) within 30 min. Stoichiometrically, in a 500-mL container, each tablet with 80 mg of metallic magnesium, could provide a concentration of approximately 6.6 mM (13.1 mg/L) assuming all the magnesium reacts, and all the gas dissolves in the water.
Therefore, each subject likely received around 2.5 millimoles (5 mg) of H2.
The tablets react quickly with water to produce hydrogen gas, which is easily observed, therefore to ensure that participants and researchers were blinded to the treatments tablets were encapsulated and orally ingested by participants.
Hydrogen and placebo capsules appeared identical. Placebo capsules, also donated by HRW Natural Health Products Inc.
(New Westminster, BC, Canada), contained identical ingredients to the hydrogen supplement, but instead of metallic magnesium the placebo contained various forms of magnesium salts (i.e. tartrate, malate, chloride) and similar organic acids to prevent any pH buffering effect from the conjugate bases of the alkaline salts. The subjects ingested two capsules the night before and again at least 30 minutes before the testing, each capsule contained half a tablet.
Experimental protocol
A randomized, double-blinded, placebo-controlled cross-over design was used to evaluate the influence of acute supplementation of H2-producing tablets (DrinkHRW) compared to placebo, on maximal and submaximal indices of VO2, HR, RR, and RER. Each participant completed the testing protocol prior to being randomly assigned to ingest the H2-producing capsules (DrinkHRW) or placebo. ple, and for the subsamples limited to the range of 1-9 minutes, and from 9.5 minutes to the end of exercise.
Summary statistics are shown in Table 2 . All data were analyzed using 2-sided statistical tests (IBM SPSS Statistics 23).
Statistical significance for the study was set a priori at alpha ＜ 0.05.
RESULTS
The influence of molecular hydrogen on various exercise Table 3) .
In contrast, analysis of mean HR from start of exercise (i.e. 1 min) to end of exercise revealed that there was a significant decrease in the average HR for HRW compared to both the baseline (≈3 bpm ± 0.4, p ＜ 0.001) and the placebo (≈4 bpm ± 0.4, p ＜ 0.001) (see Table 4 
Pairwise differences in estimated marginal means with
Bonferroni correction were also conducted at 1-9 minutes of exercise (see Table 5 ). On average, compared to baseline and placebo, HRW gave a lower HR (p ＜ 0.001) by 3.6 bpm and 5.1 bpm (p ＜ 0.001), respectively. HRW also significantly lowered the average RR compared to placebo (p = 0.018). However, compared to baseline, VO2 and RER were not changed by HRW (p ＞ 0.05), while compared to placebo they were higher (p ＜ 0.001) and lower (p ＜ 0.001),
respectively. However, in placebo, VO2 and RER were lower and higher, respectively compared to baseline (p ＜ 0.001).
The magnitude or effect size of these differences on all variables are rather small (Cohen s d ＜ 0.14). The mean HR and corresponding 95% confidence intervals for each group for the 1-9 minute subsample are presented in Fig. 1 . Table 6 shows the similar calculated statistics with Bonferroni correction from 9.5 minutes until the end of exercise. Similar to measurements at 1-9 min and of the entire sample, HRW showed a slightly lower heart rate compared to baseline (p = 0.022) and placebo (p = 0.001).
Compared to baseline, HRW did not influence VO2 (p ＞ 0.05), but it was higher compared to placebo (p ＜ 0.05), and placebo was lower than baseline (p ＜ 0.05). RER, compared to baseline was slightly higher with HRW (p = 0.021), but not different compared to placebo (p ＞ 0.05).
RER was higher in placebo compared to baseline (p ＜ 0.05). There was no statistically significant differences in RR in any of the groups.
DISCUSSION
The effects of HRW on the exercise performance indices of HR, VO2, RER, and RR were evaluated during a maximal exercise treadmill test using a double-blinded, placebo-controlled cross-over study.
There were no significant differences in either HR, VO2, RR, or RER between trials at maximal or minimal exercise intensities. This suggests, HRW does not increase maximal HR, RR, VO2, or RER in young healthy adults. Several previous studies have shown that H2 improves submaximal exercise performance including reduction in fatigue and lactate levels [25, 31] . We therefore analyzed the entire exercise trial and specific time intervals in order to determine the influence of HRW at various exercise intensities.
Analysis of the entire sample revealed that HRW decreased However, several exercise studies have shown that H2 decreases lactate levels [25, 31] . Lactate production occurs when the ATP derived from mitochondrial oxidative phosphorylation cannot maintain the cellular energy demands.
This requires oxidation of cytosolic NADH in order to produce ATP from glycolytic substrate-level phosphorylation. 
CONCLUSION
Our results suggest that acute supplementation with molecular hydrogen does not improve maximal exercise performance in young healthy adults; however, it significantly reduces exercising HR at submaximal intensities. Although more studies are needed to determine the impact of HRW in diseased and non-diseased populations, the high safety profile of HRW coupled with this and previous studies, suggest that HRW could be a viable option as an ergogenic aid for athletes seeking to improve aerobic exercise performance.
